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Violating CP 1s not casy

« Typically, under CP, operators are replaced by their
Hermitian adjoints: . g.

W x, )2 WiEx ) | , |
* Schematically, under CP:
O(x, )2 0*(-x, t)
 However, Hermiticity means that a Lagrangian
containing the operator O has the structure:

L=a O+ a* O*

where a 1s a c-number.



* Hence, one sees that, under CP,
L=> L onlyif
Thus CP- violation <=2 T- violation
requires having complex structures in theory.
« However, this per s¢ may not be sufficient

¢.g. 2-generations SM has complex Yukawa
couplings, but no physical CP violating phases

appear 1n the theory.

* Furthermore, 1n some cases, expected CP
violation, actually not seen at all (e.g. strong CP
problem).



* In 4 dimensions, theory involving only
fermions and gauge fields 1s CP-conserving

g &2 real; A <= Adjoint], up to f-terms.

» Topological nature of non-Abelian gauge
theory vacuum allow presence of CP-violating
0-terms. However,

L. . =0, o, W;FWQ 020 since SU(2)

87 is chiral theory
_p % wviFa
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Why 0 just happens to be so small 1s the Strong
CP problem.

My favored solution to this problem 1s that there 1s

an extra symmetry which sets 6, = 0
dynamically. [ |

Whatever the reason for 0, < 101, clear that

ascribe observed CP-violation, which 1s
connected to flavor-changing transitions, to
presence of flavor neutral f-terms. It must have
other origins.



If there are no elementary scalars, could
imagine formation of fermion condensates

<qq>-¢* or, more likely, < TT7T >~ &'
which break CP spontancously.

However, difficult to reconcile spontaneous CP

breaking with cosmology [Kobzarev Okun
Zeldovich].

Domaing of different CP form in Universe
separated by walls which dissipate slowly as
Universe cools.

Energy density in walls £ ~ 0T exceeds
oreatly p_ if o~ v3, with v~ 250 GeV



CP Violation and the Scalar
Sector

« Because of the above considerations, 1t 1s very
natural to assume that the experimentally
observed CP violation 1s due to the presence of
a scalar sector.

* Indeed, all data both in K and B decays are
perfectly consistent with CP violation being due
to the CK M paradigm

Complex Yukawa couplings — CP violation, 1f
there are 3 or more generations



+ CP violating effects encoded 1n 3x3
U which, 1n Wolfenstein approximate
parametrization, reads

‘2’2
1-= A AX(p—in)
2
Iy = A 1—’?’? AR
AXA-p—in) —AX 1

where, experimentally,
: ;0 ~0.16; n~0.36

and 11 # 0 <> CP violation



+ All extant data on CP violation 1s extremely well
fit by the CKM paradigm. Fits usually presented as

a fit in the p-7 plane
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may not be the only source of
. In general, one expect further complex

couplings in Higgs sector

« SM with one Higgs doublet 1s very special, since
Hermiticity makes all parameters in Higgs potential

real:

V= uigrg o+ Algng )

 If there 1s more than one Higgs doublet, potential 1n
general contains possible
However, even then there are constraints.



[lustrate with example:

SR ST V)

Most general potential can be written as sum of terms,
reflecting specific symmetries

To understand structure of V. 1t 1s usetul to recall that
under the weak hypercharge U(1):

1 b2y (b > e §
There 1s a difterent symmetry, U(l ), , invoked to set

0.,=0 dynamically. It requires, instead that Higgs fields
transform as

v ey . el

allowing for a chiral transformation of the quarks.



* Finally, one can consider a discrete symmetry
, mnvoked to phenomena,
allowing ¢ to couple only to u, and ¥ only to

* The full Higgs potential has 3 pieces:
V=V, +V,+

* The 1% piece V, 1s SU(Z)XU(I)XU(I)P
invariant; the 2“d piece Vz 18 SU(Z)XU(I)XD
invariant; while the 379 piece V, is
invariant. One has:



V=g y v+ A(xr ) + A4, (¢ x¢)
+ (b= x N o)+ Ly = x N *0)

v, = %eiﬁﬁ (ZTC t;f?)z N ﬁse—iﬁﬂ (ZTC f?f’)ﬂ

V= 1487 Ot g O +3 [ Cpr 2™ (;fCr;fﬁ)*kz *7)
16 (g ae® (e g

_I_




Sce that, 1f one asks that V be just
invariant, the Higgs potential V=V, +V,+V , contains 4

phases:

If only ID 15 present, one additional Higgs phase
appears 1n potential. But, this phase gives
[Branco Lavoura Silva]
Phase . correlated with phase of Higgs VEV
< <
Minimization of Higgs potential V=V +V, requires
that: sin (0. +20)=0.



Easy to check that all CP-violating phenomena, like
¢.g. AH™H coupling, are proportional to this phase

Thus, remarkably, even with 2 Higgs doublets, the
requirement that there be no FCNC (1.e. that D be a
good symmetry) prevents the appearance of any
other CP-violating phases, besides the

Finally, all CP violating phases, and associated
interactions, are absent it U(1)p 1s a good
symmetry.

There are a number of corollaries to this result. For

instance, 1n models, where U(1 )y, 15

broken at a scale =>v, no additional low-energy
ensues 1n Higgs sector.



* In invisible axion models, the spontaneous
breaking of an U(1)p, invariant potential

[0 ¢?21%; v €% ¢ = '@ ¢]:

V., = e e’ (ZTC¢)+ ffe_z'g‘*cr*z(grc;ﬁ)‘

with K <o’ = xft=pul~v?

serves to give an beyond
V,at low energy

« However, also here the phase © , like ., never
gives rise to any physical CP violating effects.



* In general, however, if one introduces a sufficiently
complicated Higgs sector eventually it 1s possible to
have some nontrivial CP-violating phases.

2

* Good example 15 S model
in which there are CP-violating phases associated to

the couplings of charged Higgs, H*, to leptons and
quarks.

« Such models can give rise to new observable

phenomena, like the in
. One finds:

< Pr J_:?‘N (MZK/MZH) [Im gHm.r' g *Hus ]

which 1s an effect not present in CKM model.



SUSY and CP-Violation

 Dafficult to take multi-Higgs model seriously,

since there 1s no physical motivation for these
theories.

* In this respect, SUSY extensions of the SM have

a much better pedigree. CP-violation in these
models, however, 1s largely a function of the
assumed SUSY symmetry breaking pattern.

« SUSY SM naturally has 2 Higgs doublets, y and

9, and V=V, with parameters taking particular
values.



11.

111.
1V.

Without SUSY breaking, V also does not break
SU2)xU(1). So need soft SUSY breaking

In simplest example: SUSY breaking 1s gravity
mediated and 1s flavor blind. In this case, CP-

violating phases appear 1n:

gluino masses: my,, AN, o

soalar Yukawa int.: ALQ g, + AL, yd, +he.
Bu(xICy) +h.c.

Higgsino mass term: (j}“ Y C 93)

Only 2 of these phases are physical. For example,

B = p,,e'%12, and know this phase is not physical



11.

Dafficulty 1s not in generating CP-violating
interactions, but in keeping the SUSY induced
etfects below what 1s presently observed. Two
kind of constraints:

Flavor preserving CP violation phenomena, like

. Typically, | ]

one finds
d_~[300 [mﬂfﬂ ? ] 6.3 x102ecm
where 1 is a typical spartner mass and arc

CP-violating phases in the SUSY breaking terms

contributions due to SUSY matter
entering 1n loops. These may, or may not, involve
CP violation



* These SUSY CP violating effects in the flavor
sector depend, 1n general, on how one assumes the
SUSY induced flavor violating effects are controlled

| I

* Only in middle case effects are likely to be

measurable, although predictions are rather model
dependent



* Because all data 1s 1n good agreement with CKM

model, at the moment all one has are constraints on
squark mass splittings and on mixing angles in the

gluino couplings

pLc - oM
Ay = — 2 E gy

1

» Typically, results of a recent analysis [ Becirevic et
al] give for the B-sector

ReA, ~2x107
ImA, =10~



Is CP Violation Universal?

will only be clarified by

additional experimental information.

Very important to understand experimentally if
simple CKM paradigm explains all CP violation
phenomena 1n the hadronic sector. [f so, why 1s
this so?

Want to argue that theoretically also important to
take present hints regarding CP violation seriously



11.

What are these hints?
It 1s difficult to break CP:

no f terms seen; need scalar sector;
, must strictly control SUSY
breaking.

Phenomena of quite different magnitudes are
explained by same large CP-violating CKM phase:
&~103: &°/e ~ 1073 ;

Could 1t be that all CP-violation originates from
some underlying simple phenomena?

There are grounds to speculate along these lines in
theories



* Noted long ago [ Dine Leigh Maclntire; Chot
Kaplan Nelson] that in 10-dimensional heterotic
string theory (where fermions are in Eg adjoint
representation) CP can be embedded as discrete
subgroup of gauge theory

* This 1s easily understood since Parity 1s equivalent
to a 10d Lorentz rotation

4d Parity I—-X={x —>-x 0%, (1)

10d Parity X—=-Xy—-y=siR,, (DOR,  (DOR, , (7)}

* Charge conjugation changes . Since
fermions are in , this 18

equivalent to gauge rotation.



e Thus 1n these theories arise as

result of and, 1n
principle, one may be able to compute the resulting
4d from the

* In particular, the which gives rise to all

CP-violation may well originate from a simple
ocometrical phase.

* My guess for such an 18: , which
1s first nontrivial for . Further, one 1s led to

speculate that this phase 1s intrinsically tied to the
, as the CKM phase 1s.



Even if a Universal phase existed its elucidation will
not be casy!

[llustrate this in a simple context of Hermitian mass
matrices M, M

For 3 generations:

M=M, *; M= M * = 12 real mass parameters
and 6 phases.

Experimentally, what 1s are the 6 quark
masses, the 3 CKM mixing angles and one CKM
CP violating phase. Thus, cannot make any progress
without some assumptions, or a model.



* The CKM matrix U 1s related to the matrices U, and
U, which diagonalize the quark mass matrices,

U MUy = my ;3 UF MU, = m,
up to 2 PPy
U=P*U*U P,

* The phase matrices P, and P have no physical
information and do not enter 1n the Jarlskog
invariant which characterizes CP violation:

J=Im[U,, U,, Ulz* U21*]
:Im[(U.:fIc Uu)ll (Ud* Uu )ZZ(Ud* Uu )12*(Ud$ Uu )2*]
EMST}



* From U and the quark masses one can reconstruct
the matrices:

e = P Ug* M UgPy= Um, U*
vy =P*U*M, U P = U*m, U
but not the mass matrices M , M themselves
* One can check that the
0= 0y3= 015~ On3
of 11 1s independent of P and P, and coincides with
that of U ,* M U, (ditto for 11, ) and one finds:
0, ArgU ;=-0657;0, ,~Arg U #*=~7J5"
and 0 -0 =90 °



* Not clear what to make of this, although should
note that for hierarchical mass matrices, where
U,= U, = L, 1t 1s quite possible that the

of U/ M U, and U * M, U are
approximately the same as those for M and

» Particular realization of this idea 1n a D-brane
model with discrete torsion by Abel and Owens
which leads to a Hermitian u-quark Yukawa term
containing a . Using a simple
ansatz, this model then produces a realistic CKM
matrix with

Arg U, =~ -1/ 3



Are there implications for the
Umverse?

* Idea of having some
, arising from compactification, very
naturally connects the cosmological baryon
asymmetry to low energy CP violation, although
to make predictions one again needs a model

 In this view, the CP violation responsible for the
baryon asymmetry 1s connected to phase(s) in
the neutrino sector [Fukugita Yanagida]
analogous to those that enter in the quark sector



11.

Fukugita Yanagida mechanism 1s well known:

CP-violating and L-violating, out of equilibrium,
decays of heavy Majorana neutrinos (M~101°
GeV) help establish a lepton asymmetry at T~M

One can show [Kuzmin Rubakov Shaposhnikov]
that, between T ~100GeV and T ~10'2 GeV,
(B+L)-violating processes are in equilibrium in
the Unmiverse. This KRS mechanism 1n turn
transmutes the lepton asymmetry into a baryon
asymmetry, since any (B+L)-asymmetry in the
Universe 18 erased



* The baryon asymmetry 1s given by the formula
=-8/157,=-8/15[x/g*]ep

Here « 18 a washout factor related to how the heavy
neutrinos fall out of thermal equilibrium [typically,
Kk~ 1072 -107], g*~100 is the number of effective
degrees of freedom, and &.p 1s the CP asymmetry in
the decay of the heavy neutrino.

* &p 1s connected to the difference 1n rates in the
heavy neutrino decay:

IIN—¢ L]=(+ eI TIN—= ¢ LI=(1-e.p) T

and 1s proportional to the CP-violating parameters
in the neutrino sector.



 In particular ¢, 1s connected to the neutrino

Yukawa coupling 'Y, coupling [, to N.,. One can
check that the full leptonic Lagrangian
Liowe =07 )L, ~T ([)gxl,
- ), TR 0T e
involves 21 physical parameters [ 1.

* In a basis where M, and M, are diagonal, 1V
contains 9 real parameters and 6 CP-violating

phases.

* Very difficult to gain knowledge directly about these
parameters, except through
, like the presumption of a



* Clear again that no progress can be made without
introducing some model. Would like, nevertheless,

to make two observations:

* The physical sector, obtained by
integrating out the heavy neutrinos, has
. The 18 symmetric:

M, = mp'M'm, where m,=1" <¢>
and can be diagonalized by a Unitary transformation
M, U = (m,)"2
* The matrix [/ can be written 1n product form:

b Py



* P, can be absorbed 1n charged lepton fields, while
P,,contains 2 Majorana phases. Hence the physical
content of the light neutrino sector are 3 masses,

3 mixing angles, and 3 CP-violating phases.

* Clear that, without theoretical input, no relation
exists between the CP phases which may be
measured in low energy neutrino experiments

v-oscillations €=  dopu

(Ov 8 B) decay € =2 ¢y

and ¢, which 1s the CP-violating parameter which
drives the Universe’s baryon asymmetry






